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USE OF ARTIFICIAL EARTH SATELLITES FOR TERRESTRIAL NAVIGATION 

Captain Alton B Moody, USNR 

Washington, D. C. 
Nat ional  Aeronautics and Space Adminis t ra t ion 

Navigation can be def ined as "the process  of d i r e c t i n g  che uiuve~iieiit 
of a c r a f t  from one po in t  t o  another ,  o r  of determining t h e  p o s i t i o n  and 
heading of a' c r a f t  a t  any time." 
words "navis" meaning "ship" and "agere" meaning " to  move" o r  " to  d i r ec t " .  
I n  modern usage t h e  term a p p l i e s  t o  any type c r a f t ,  whether i t s  n a t u r a l  
h a b i t a t  i s  land, water ( e i t h e r  su r face  o r  subsurface) ,  a i r ,  o r  space. 
Navigation normally involves  pos i t i on ,  d i r e c t i o n ,  and d i s t a n c e  ( o r  speed 
and time) . 

The term i s  der ived  from t h e  l a t i n  

P o s i t i o n  is maintained by advancing a previous p o s i t i o n  f o r  assumed 
va lues  of d i r e c t i o n  of motion and d i s t ance  t r ave led  (usua l ly  by means of 
t h e  v e l o c i t y  v e c t o r  and t i m e ,  where no a c c e l e r a t i o n  is involved).  
p o s i t i o n  so determined i s  cor rec ted  from time t o  time by an independent 
de te rmina t ion  u t i l i z i n g  a i d s  e x t e r n a l  t o  t h e  c r a f t .  
determined p o s i t i o n  is c a l l e d  a fix. 

The 

Such an independently- 

D i rec t ion  measurement involves  determinat ion of a r e fe rence  d i r e c t i o n  
( g e n e r a l l y  t r u e  n o r t h  o r  magnetic nor th) ,  and t h e  angular  d i f f e r e n c e  between 
t h i s  d i r e c t i o n  and t h e  d e s i r e d  d i r e c t i o n ,  u sua l ly  t h e  heading of t h e  c r a f t  
o r  t he  d i r e c t i o n  of i t s  motion. 

Dis tance  may be measured d i r e c t l y ,  o r  i n d i r e c t l y  by means of speed 
and time . 

It i s  convenient t o  c l a s s i f y  a l l  methods of naviga t ion  as one of 
t h e  fw 1 lowiiig : 

Dead reckoning, involving t h e  ex t r apo la t ion  forward of t h e  a n t i -  
c ipa t ed  movement of t h e  c r a f t .  

P i l o t i n g ,  involving t h e  c s e  of ob jec t s ,  i d e n t i f i a b l e  po in t s ,  o r  
geophysical  p a t t e r n s  e x t e r n a l  t o  t h e  c r a f t ,  p o s i t i o n  being determined rela- 
t ive t o  t h e  f e a t u r e s  used. 

C e l e s t i a l  naviga t ion ,  u t i l i z i n g  c e l e s t i a l  bodies  t o  mark p o i n t s  
on an imaginary c e l e s t i a l  sphere a t  an i n f i n i t e  d i s t a n c e  from t h e  c r a f t .  
P o s i t i o n  on t h e  e a r t h  i s  determined r e l a t i v e  t o  those  terrestrial  p o s i t i o n s  
d i r e c t l y  beneath t h e s e  p o i n t s ;  t h a t  is, those  p l aces  on e a r t h  a t  which t h e  
c e l e s t i a l  bodies  are i n  t h e  zen i th .  
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A number of methods and techniques of nav iga t ion  have evolved over  
t h e  cen tu r i e s ,  r e f l e c t i n g  varying requirements and c a p a b i l i t i e s .  No one 
method meets a l l  requirements of a l l  types of craf t .  
d e f i c i e n c i e s  of conventional methods include t h e  following: 

S p e c i f i c a l l y ,  t h e  

Dead reckoninq i n  any f c m ,  including t h e  most modern, s o p h i s t i c a t e d  
Doppler and i n e r t i a l ,  degrades wi th  elapsed t i m e  o r  d i s t a n c e  t r ave led ,  o r  
both. 

Optical p i l o t i n g  i s  l imi t ed  by v i s i b i l i t y  and a v a i l a b i l i t y  of land- 
marks o r  a i d s  t o  navigat ion,  as w e l l  as a need f o r  a p r i o r  survey. 

Radio p i l o t i n g  is l imi t ed  by l a r g e  v a r i a t i o n s  i n  accuracy due t o  
land configurat ion,  diplomatic  cons ide ra t ions ,  s i t i n g  problems, v a g a r i e s  
of propagation through t h e  atmosphere, divergence of p o s i t i o n  Pines,  and 
l o g i s t i c  problems. 
t h e  requirements f o r  u s e r  equipment and t r a i n i n g ,  and complicates t h e  
t r a f f i c  coxtrol. problem. Gtouid s t a t i o n s  are expensive t o  cons t ruc t ,  
expensive t o  operate ,  s u b j e c t  t o  damage by storm o r  enemy a c t i o n ,  ar,d vuk- 
ne rab le  t o  countermeasures and sabotage. 

A m u l t i p l i c i t y  of systems throughout t h e  world inc reases  

Geophysical p a t t e r n  matching, u t i l i z i n g  t h e  topographic f e a t u r e s  o r  
t h e  p a t t e r n  of geophysical d a t a  such as geomagnetism o r  g r a v i t y ,  is no t  
p re sen t ly  a v a i l a b l e  except i n  a crude form and w i l l  r e q u i r e  such an 
extensive survey e f f o r t  as t o  be p r o h i b i t i v e  except i n  s p e c i a l  a p p l k a -  
t i o n s  i n  c e r t a i n  p r i o r i t y  areas. 

optical ce les t ia l  nav iga t ion  is l imi t ed  by weather and h o r i z o n t a l  
r e f r a c t i o n  (dip) problems. This i s  t r u e ,  a l s o ,  of c e l e s t i a l - m a r i t s r e d  
irrertial navigat ion.  

Radio astronomy u t i l i z i n g  r a d i o  stars r e q u i r e s  antennas too l a r g o  
t o  be p r a c t i c a l  aboard s h i p  o r  in t h e  a i r .  

Studies  made by r e spons ib l e  groups du r ing  t h e  last  two decades 
i n d i c a t e  inc reas ing  requirements f o r  accuracy and a speed of ob ta in ing  
a navigatio-;ha1 f i x .  

The I n t e r n a t i o n a l  Meeting on Marine Radio Aids t o  Navigation (PMMRAN), 
meeting in 1947, s t a t e d  t h a t  an e r r o r  of 1% of t h e  d i s t a n c e  from t h e  
n e a r e s t  danger, f o r  d i s t a n c e s  g r e a t e r  t han  50 m i l e s ,  would b e  acceptable ,  
and t h a t  such a f i x  shotlld be  obtained withir? 15 minutes from t h e  t i m e  of 
measurement of da t a .  

Ten y e a r s  la ter ,  i n  J u l y  1957, S p e c i a l  Committee 30 of t h e  Radio 
Technical Commission f o r  Marine Se rv ices  (RTCM) considered f i v e  m i l e s  an 
acceptable  e r r o r  a t  sea, and f ive  minutes an 
such a posi t ion.  

I n  December of t h e  same yea r ,  t h e  RTCM 
an immediate requirement f o r  one t o  two m i l e  

accep tab le  t i m e  f o r  ob ta in ing  

S p e c i a l  Committee 35 s t a t e d  
accuracy for most purposes of 
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navigat ion,  with one to ten mimtes being reasonable under d i f f e r e n t  con- 
d i t i o n s .  
mi l e  accuracy, o r  b e t t e r ,  a v a i l a b l e  continuously.  

It a l s o  s t a t e d  ari "ultimate" requirement ( a f t e r  1975) f o r  0.1 

The long-dis tance accuracy requirements f o r  a i r  nav iga t ion  decreased 
even more s p e c t a c u l a r l y  du r ing  t h e  same period,, 
15 t o  20 m i l e s  was considered normal, with l a r g e r  e r r o r s  being encountered 
f r equen t ly .  

I n  1945, an accuracy of 

Cz ?!?.la;. 8, 1956, t h e  Radio Techcical  Commission f o r  Aeronautics (RTCA) 
issued i t s  paper 92-56/%-288, which s t a t e d  an enroute  accuracy r equ i r e -  
ment of 1,000 f e e t  f o r  h e l i c o p t e r s .  I n  1957, t h e  A i r  Coordinating Com- 
mittee (ACC) document 58!9,1 s t a t e d  a general  requirement of t h r e e  miles 
f o r  95% of t h e  readings,  a~ id  an %Jltimate" o b j e c t i v e  of providing "exact" 
p o s i t i o n  f i x i n g  under acy ccndi t ions.  

These v a r i o u s  s tud ie s ,  p lus  recent  s ta tements  by r e spons ib l e  govern- 
ment agencies,  i n d i c a t e  t he  need f c r  a u n i v e r s a l  a l l -weather  nav iga t ion  
system of higher  accuracy, with less t i m e  l a g  i n  ob ta in ing  a f i x ,  than 
i s  now a v a i l a b l e  with g loba l  coverage. 

The system should p re fe rab ly  s e r v e  both a i r  and marine requirements, 
as w e l l  as those of land v e h i c l e s  ope ra t ing  i n  remote areas such as 
d e s e r t s  o r  p o l a r  regions.  For wide acceptance by commercial u se r s ,  t h e  
system must b e  r e l i a b l e ,  moderate i n  c o s t  of u s e r  equipment, and of s u f f i -  
c i e n t  permanence and s t a b i l i t y  t o  encourage t h e  expenditure of funds needed 
f o r  a c q u i s i t i o n  of  s u i t a b l e  u s e r  equipment. 

Irnproved navigat ion can reasonably be  expected t o  inc rease  e f f i -  
c iency of ope ra t ion  of all, types of s h i p s  a=d a i r c r a f t  by saving t i m e  
now requ i r ed  t o  c o r r e c t  navigat ional  e r r o r s  and t o  a l l o w  g r e a t e r  margins 
of s a f e t y  i n  passing Dbstruct ions,  I n  a d d i t i o n  t o  t h e  savings by f a s t e r  
passages,  merchant s h i p  cperatioris weald b e n e f i t  from b e t t e r  maintenance 
of schedules and avoidance of  cvertime and i d l e  paid t i m e  of stevedores.  
Better navigat ion i s  p a r t i c u l a r l y  needed when a vessel approaches land- 
fa?? a f t e r  s~,.ern_l days a t  sea. 

Commercial f i s h i n g  v e s s e l s  can improve t h e i r  economic s i t u a t i o n  i f  
they can r e t u r n  e x p e d f t l a m l y  t o  favorable  f i s h i n g  areas, o f t e n  of small 
extent. 

The p r a c t i c a b i l i t y  of extensive c o m e r c i a l  s h i p  ope ra t ions  i n  t h e  
a r c t i c  depends, i n  p a r t ,  c p . x  t h e  a v a i l a b i l i t y  of b e t t e r  navigat ion i n  a n  
area where a i d s  t o  navigat ion are few i n  number and d i f f i c u l t  t o  main- 
t a in ,  shore-based e l e c t x c n i c  s y s t e m  are sonewhat less r e l i a b l e  than else- 
where, ce les t ia l  n a v i g a t i m  is unavai lahle  o r  unce r t a in  f o r  extended 
pe r iods  of  time, and both magnetic and gyro compasses are of reduced 
r e l i a b i l i t y .  

Oceanographic and hydrographic survey vessels need more r e l i a b l e ,  
a l l -weather ,  accu ra t e  navigat ion i f  they are t o  meet t h e  requirements 
now being imposed upon them. 
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Cable-laying v e s s e l s ,  ocean weather s t a t i o n s ,  ice p a t r o l  c r a f t ,  
o f f shore  d r i l l i n g  r i g s ,  and r a d i a t i o n  waste d i s p o s a l  vessels a l l  r e q u i r e  
accu ra t e  nav iga t ion  f o r  e f f i c i e n t  p e r f o r m a x e  of t h e i r  assigned t a sks .  

Of considerable  s i g n i f i c a n c e  is t h e  p o s s i b l e  i n c r e a s e  i n  s a f e t y  by 
a reduct ion i n  t h e  danger of c o l l i s i o n s  and groundings and by an impsove- 
ment i n  t h e  e f f i c i e n c y  of search and rescue operat ions.  
vessels of 500 gross  tons  and upward were a t o t a l  loss due t o  s t randing,  
and 922 were damaged. 
and upward were l o s t  due t o  c o l l i s i o n s ,  and 1621 were damaged. 
accounted f o r  42.0% and c o l l i s i o n s  f o r  12.6% of a l l  t o t a l  l o s s e s  during 
t h e  f ive-year  period ending i n  1961. 
t o  m a t e r i a l l y  improve t h e  s i t u a t i o n ,  

In  1961, 32 

During t h e  same year ,  seven s h i p s  of 500 gross  tons  
Strandings 

Better navigat ion could b e  expected 

The present  a i r  t r a f f i c  s epa ra t ion  requirements over t he  North 
A t l a n t i c  a r e  120 miles l a t e r a l l y ,  h a l f  an hour along t h e  t r ack ,  and 
2,000 f e e t  v e r t i c a l l y  (above 29,000 f e e t ) .  
of some a r r i v a l  and depa r tu re  times, i n s u f f i c i e n t  a i r  space is a v a i l a b l e  
t o  accommodate a l l  t r a f f i c  t h a t  d e s i r e s  t o  u s e  t h e  space. 
navigat ion accuracy t h i s  condi t ion could b e  improved s i g n i f i c a n t l y .  

Because of t h e  p o p u l a r i t y  

With increased 

A recent  comprehensive study conducted f o r  t h e  Maritime Adminis t ra t ion 
i n d i c a t e s  t h e  need f o r  b e t t e r  nav iga t ion  if automatic o r  semiautcmatic s h i p  
operat ion is t o  be achieved. 

Land v e h i c l e s  ope ra t ing  in remote areas have a problem i n  d e t e r n i x k g  
p o s i t i o n  where s t a b l e ,  i d e n t i f i a b l e ,  char ted landmarks are no t  available. 

If previous experience i n  o t h e r  new ven tu res  is a v a l i d  guide, addi- 
t i o n a l  b e n e f i t s  t h a t  cannot be i d e n t i f i e d  a t  t h i s  t i m e  can reasonably b e  
expected t o  follow any s i g n i f i c a n t  improvement i n  n a v i g a t i o n a l  accuracy. 

The use  o f  a r t i f i c i a l  e a r t h  s a t e l l i t e s  f o r  nav iga t ion  i s  j u s t i f i e d  

The p r o b a b i l i t y  of meeting t h e s e  
t o  the  ex ten t  t o  which t h i s  w i l l  s i g n i f i c a n t l y  improve t h e  s i t u a t i o n  a t  
a c o s t  t h a t  is economically p r a c t i c a l .  
requirements now appears reasonable.  

Desirable  c h a r a c t e r i s t i c s  of a nav iga t ion  s a t e l l i t e  system w i l l  
include the following: 

+ 1: Global coverage by one system. 

2, All-weather c a p a b i l i t y .  

3 ,  Minimum i n t e r v a l  between fixes,  o r  continuous f i x i n g  
c apab i 1 i t  y . 

4. M a x i m u m  accuracy, cons ide r ing  a l l  sources  of  e r r o r .  

5. Uniformity of accuracy, independent o f  p o s i t i o n  with r e s p e c t  
t o  geography o r  t h e  pa th  of t h e  s u b s a t e l l i t e  p o i n t .  
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6. 

7. 

8. 

9. 

10, 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

Minimum time lag between the time of the fix and availability 
of the information. 

Employment of a technique familiar to the typical user, or 
easily understood by him. 

Computational requirements of minimum complexity met easily 
by the navigator o r  an inexpensive computer. 

Kpy f m ~ m  R i mp 1 ic i ty of antenna requirement s . 
Minimum maintenance requirements of user equipment, permitting 
operation over long periods of time with little or no maintenance. 

Minimum cost of user equipment. 

Minimum obsolescence of user equipment. 

Maximum stability of technical characteristics with minimum 
vulnerability to changes. 

Freedom from saturation of system by a large number of users. 

Maximum user acceptance. 

Maximum alternate capability, permitting useful information to 
be obtained, for example from the sun, if navigational satellites 
are unavailable for any reason, such as failure or malfunction 
of components. With alternate capability, fewer satellites 
may be needed. 

Minimum succeptibility to electronic interference. 

Versatility of user equipment specifications, permitting use of 
the same satellites by a variety of user equipment to meet 
different requirements. 

Suitability for use by all mobile units. 

Minimum dependence on ground installations such as injection 
station, computer centers, and tracking stations, with ability 
to provide useful information over a maximum period during 
which some or all ground facilities may be unavailable. 

Minimum tracking requirements, as to station numbers, dispersal, 
and complexity. 

Maximum stability of orbit, permitting prediction of future 
positions of the satellites over a long period of time and sim- 
plifying the distribution of orbital or ephemeridal information 
to users. 
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23. 

24. 

25. 

26 

27. 

28. 

29. 

30. 

31. 

Maximrlm use fu l  s a t e l l i t e  l i f e ,  which depends upon t h e  number, 
complexity, and r e l i a b i l i t y  of s a t e l l i t e  components. 

Minimum ndmber of s a t e l l i t e s  requi red ,  based upon coverage 
pe r  s a t e l l i t e  pe r  u n i t  time (hour). 

Minimum development c o s t s .  

Minimum ope ra t ing  c o s t  of system, inc luding  c o s t  of rep lac ing  
s a t e l l i t e s  and maintaining and ope ra t ing  f ixed  ground i n s t a l -  
l a t  ions.  

Freedom from adverse a f f e c t s  of u s e r  c r a f t  v e l o c i t y .  

Freedom from adverse a f f e c t s  of antenna motion due t o  r o l l ,  
p i t c h ,  ya:,. ,  e t c .  

Bonus f e a t u r e s  such as time s i g n a l s  and measurement o r  i n d i -  
c a t i o n  of t r u e  nor th ,  r o l l ,  p i t c h ,  and p o s i t i o n  between f i x e s .  

P o t e n t i a l  a d d i t i o n a l  a p p l i c a t i o n s ,  as f o r  geodesy and surveying. 

Maximum economy of spectrum u t i l i z a t i o n .  

Ten sepa ra t e  techniques and a comparable number of  major v a r i a t i o n s  
have been inves t iga t ed .  
disadvantages c l e s r l y  outweighing advantages.  
considered of more than academic i n t e r e s t :  

Many of t hese  a r e  considered imprac t ica l  o r  having 
The fol lowing techniques a r e  

Elevat ion angle .  The e l eva t ion  angle  technique involves  measure- 
ment of the a l t i t u d e  ( e l e v a t i o n  angle)  of t he  s a t e l l i t e  above the  h o r i z c n t a l ,  
us ing a modified r ad io  sex tan t .  The s a t e l l i t e  s e rves  t h e  same purpose t h a t  
a n a t u r a l  c e l e s t i a l  body does i n  ord inary  c e l e s t i a l  naviga t ion ,  except t h a t  
r ad io  s igna l s  i n  the  g igacycle  region aye used in s t ead  of o p t i c a l  f requencies .  
Each measurement provides  a small c i r c l e  l i n e  of p o s i t i o n .  
he ight  can be used. A l i n e  of pos i t i on  could be obtained a t  any t ime t h a t  
t h e  s a t e l l i t e  i s  above t h e  horizon,  and a f i x  a f t e r  a s u i t a b l e  change i n  
azimuth of t h e  s a t e l l i t e ,  o r  by observa t ion  of two o r  more s a t e l l i t e s .  Com- 
pu ta t ions  can be performed by c e l e s t i a l  s i g h t  reduct ion  t a b l e s  cornonly used 
by naviga tors ,  o r  by a simple computer. 
simultaneous observa t ion  of a l t i t u d e  and i t s  f i r s t  t i m e  d e r i v a t i v e .  A s imple 
computation would produce two or thogonal  l i n e s  of p o s i t i o n .  However, advanced 
in t eg ra t ing  techniques would be requi red ,  and t h e  time needed t o  e s t a b l i s h  
r a t e  of change of a l t i t u d e  wi th  s u f f i c i e n t  accuracy may be comparable t o  
t h a t  needed f o r  a simple running f i x  i f  t h e  s a t e l l i t e  were not  more than a 
f e w  thousand m i l e s  from t h e  su r face  of t h e  e a r t h .  An advantage would b e  
t h a t  t h e  e f f e c t  of a cons tan t  e r r o r  i n  t h e  r e fe rence  l e v e l  would be  n u l l i f i e d .  
The e s s e n t i a l  s a t e l l i t e  components f o r  t h e  e l e v a t i o n  angle  technique are a 
CW t r ansmi t t e r ,  a power source,  and an antenna.  O r b i t a l  o r  ephemeridal d a t a  
could probably be disseminated by p r i n t e d  almanac months i n  advance. 
s e x t a n t s  designed f o r  use  wi th  the  sun could be used wi th  s a t e l l i t e s  a f t e r  

Orb i t s  a t  any 

A f i x  might a l s o  be obtained by 

Radio 
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1. minor modif icat ion.  
if Some reduct ion i n  accuracy were acceptable.  However, radiometr ic  o r  o t h e r  
advanced techniques f o r  determining the h o r i z o n t a l  i n  f l i g h t  may reduce 
t h e  e r r o r  i n  t h e  a i r c r a f t  app l i ca t ion .  

The technique would probably be a p p l i c a b l e  i n  a i r c r a f t  

Advantages of t h e  e l e v a t i o n  a n g l e  technique inc lude  t h e  following: 

1. All-weather, g loba l  coverage can be  provided wi th  e s s e n t i a l l y  
uniform accuracy everywhere and a t  any t i m e .  

2. The technique i s  f a m i l i a r  t o  t h e  navigacor,  eiilicn<ir;g 
acceptance and u t i l i z i n g  h i s  a b i l i t y  t o  i n t e r p r e t  r e s u l t s ,  

3 .  User equipment can be provided with c a p a b i l i t y  for us ing  
both t h e  sun and sa te l l i t es ,  i nc reas ing  t h e  use fu lness  of 
such a system and decreasing i t s  v u l n e r a b i l i t y  t o  malfunction. 

4. The technique is  capable of providing a c c u r a t e  d i r e c t i o n a l  
(no r th )  reference.  

5 .  Coverage pe r  u n i t  time p e r  
extensive.  

6. S t a b l e  o r b i t s  can be used, 
i n s t a l l a t i o n s  and reducing 
components. 

7 .  Computational requirements 

s a t e l l i t e  can be re la t ively 

minimizing dependence on ground 
t h e  complexity of s a t e l l i t e  

are modest. 

DisadvantaPes of t h i s  technique include t h e  following: 

1. A s t a b i l i z e d  d i r e c t i o n a l  antenna of  t h e  o rde r  of one meter i n  
diameter  would b e  needed by t h e  u s e r  f o r  high accuracy. 

2 .  Because of  t h e  d i s t a n c e  of t he  s a t e l l i t e s  i n  optimum o r b i t s ,  
ef the o r d e r  of 5,000 miles,  s a t e l l i t e  power requirements 
would be r e l a t i v e l y  large.  

3. An a c c u r a t e  t i m e  standard i s  required.  

Horizontal  anple .  The h o r i z o n t a l  ang le  technique involves  t h e  
measurement of azimuth (ho r i zon ta l  angle)  of t h e  s a t e l l i t e  a t  v a r i o u s  times 
d u r i n g  a pass .  
Two such measurements separated by enough t i m e  t o  permit s u f f i c i e n t  change 
of azimuth t o  provide a wide crossing angle  of t h e  two l i n e s  of p o s i t i o n  
would provide a f i x .  
Adjustment would be  needed, of course, f o r  any motion of t h e  observer between 
obse rva t ions .  A f i x  could a l s o  be obtained by observat ion of two s a t e l l i t e s ,  
by simultaneous obse rva t ion  of a l t i t u d e  and azimuth, o r  by simultaneous 
obse rva t ion  of azimuth and i t s  f i r s t  time d e r i v a t i v e .  The l i n e  of p o s i t i o n  

Each such measurement provides  a g r e a t  c i r c l e  l i n e  of p o s i t i o n .  

A t h i r d  measurement would provide a check on r e s u l t s .  
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r e s u l t i n g  from t h e  r a t e  of change of azimuth measurement would not  always be 
orthogonal t o  t h e  azimuth l i n e .  
be needed, bu t  i t s  accuracy could be somewhat less than wi th  the  e l e v a t i o n  
angle  technique. 
r e f l e c t e d  i n  t h e  pos i t i on .  With seve ra l  observa t ions ,  t h e  e r r o r  could be  
removed by adjustment of a l l  a z i m t h  l i n e s  t o  make them c r o s s  a t  a po in t ,  i f  
allowance were made f o r  motion of t h e  observer  between observa t ions .  Orb i t s  
a t  any he ight  might be used. 

For high accuracy, a s t a b l e  p la t form would 

An e r r o r  i n  t h e  r e fe rence  azimuth (nor th)  woulC be 

Advantages of t h e  ho r i zon ta l  angle  technique inc lude  the  fol lowing:  

All-weather g loba l  coverage can be  provided wi th  e s s e n t i a l l y  
uniform accuracy everywhere and a t  any time. 

1. 

2. The technique i s  f a m i l i a r  t o  t h e  naviga tor .  

3 .  S a t e l l i t e s  a t  v i r t u a l l y  any he ight  might be  used. 

4. Coverage pe r  u n i t  time p e r  s a t e l l i t e  can be r e l a t i v e l y  ex tens ive .  

5 .  Computational requirements a r e  modest. 

Disadvantages include:  

1. A s t a b i l i z e d  d i r e c t i o n a l  antenna would be needed. 

2. A r e fe rence  (no r th )  d i r e c t i o n  i n d i c a t o r  wi th  h igh  s h o r t -  
term s t a b i l i t y  would be requi red .  

3. An accura t e  t i m e  s tandard i s  requi red .  

Range. The range technique involves  t h e  measurement of d i s ta r ice  
between the  observer  and t h e  s a t e l l i t e .  
c i r c l e  l i n e  of pos i t i on .  Two such measurements separa ted  by a s u f f i c i e n t  
change i n  azimuth t o  provide a wide ang le  of i n t e r s e c t i o n  of t h e  lices O f  
p o s i t i o n  a r e  s u f f i c i e n t  f o r  a f i x  but  wi th  ambiguous p o s i t i o n s  on oppos i t e  
s i d e s  of t he  t r a c k  of t he  s a t e l l i t e .  A t h i r d  measurement would provide  a 
check and remove ambiguity i f  a h i g h - i n c l i n a t i o n  o r b i t  were used. Severa l  
measurements could be  used t o  e l imina te  a cons t an t  e r r o r  i n  t h e  range 
measurements. 

Each measurement produces a small  

Several  methods of measuring range might be  employed. For example, a 
transponder i n  t h e  sa te l l i t e  might be i n t e r r o g a t e d  by t h e  u s e r ,  t h e  elapsed 
time from transmission of t h e  i n t e r r o g a t i n g  s i g n a l  t o  r ecep t ion  of t h e  
r e t u r n  s igna l  from t h e  t ransponder  being an i n d i c a t i o n  of d i s t a n c e .  
s i g n a l s  without a t ransponder  could be used i f  enough power were a v a i l a b l e ,  
o r  synchronized c locks  could be  maintained i n  t h e  s a t e l l i t e  and t h e  u s e r  
c r a f t ;  t he  time of r ecep t ion  of a s i g n a l  t r ansmi t t ed  a t  a predetermined t i m e  
a t  t h e  s a t e l l i t e  would b e  a d i r e c t  i n d i c a t i o n  of d i s t a n c e .  A v a r i a t i o n  would 
be  t o  make t h e  comparison by phase d i f f e r e n c e  i n s t e a d  of d i r e c t  measurement 

Ref lec ted  
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. 
of t i m e  of t r a v e l  of t h e  s igna l .  
t i o n  of t h e  clocks o r  phase r e l a t i o n s h i p  would be  a problem of considerable  
magnitude. 
s tandard of t he  u s e r  t o  agree with t h a t  i n  t h e  s a t e l l i t e  when t h e  d i s t a n c e  
between t h e  s a t e l l i t e  and u s e r  was known accura t e ly .  
second i n  t i m e  i n t e r v a l  measurement would introduce an e r r o r  i n  d i s t a n c e  
(range)  measurement of about 300 yards,  

The maintenance of adequate synchrortiza- 

It might b e  accomplished by s e t t i n g  t h e  clock o r  frequency 

An e r r o r  of one micro- 

An i n t e r e s t i n g  v a r i a t i o n  of the range technique i s  t o  use a number of 
cooperat ing ground s i i i t i o ~ o  lszsted thrmi_8hout t h e  world. These would 
re l ieve t h e  mobile s t a t i o n s  of t h e  requirement of ca r ry ing  any bu t  t h e  
s implest  equipment, and of  computing t h e  f i x  following observat ions.  The 
ground s t a t i o n s  would have a v a i l a b l e  t h e  latest  information on t h e  p o s i t i o n  
of t h e  s a t e l l i t e ,  e i t h e r  through d i r e c t  t racking,  o r  by communication from 
t r ack ing  s t a t i o n s ,  and would determine by d i r e c t  measurement t h e  d i s t a n c e  
of t h e  mobile s t a t i o n  from t h e  s a t e l l i t e .  
roga t ion ,  d i f f i c u l t i e s  r e l a t i n g  t o  mul t ip l e  response problems might be 
minimized. Such a technique could provide s u i t a b l e  shore i n s t a l l a t i o n s  
with cu r ren t  o r  r ecen t  p o s i t i o n s  and v e l o c i t y  v e c t o r s  of a l l  s u i t a b l y  
equipped s h i p s  and a i r c r a f t ,  as an a id  t o  search and r e scue  ope ra t ions  i n  
t h e  event of an emergency. It might even be  used t o  provide home o f f i c e s  
of steamship companies and a i r l i n e s  with information on t h e  l o c a t i o n s  of 
a l l  t h e i r  c r a f t  throughout t h e  world. 

By a method of s e q u e n t i a l  i n t e r -  

Advantages of t h e  range technique include t h e  following: 

1. Global, a l l -weather  coverage i s  poss ib l e .  

2 .  The technique i s  p a r t i c u l a r l y  promising f o r  use by a i r c r a f t ,  

3 .  The b a s i c  technique i s  simple and f a m i l i a r  t o  nav iga to r s .  

4. Coverage p e r  u n i t  time p e r  s a t e l l i t e  f o r  t h e  optimum o r b i t  of 
t h e  o r d e r  of 1,000 m i l e s  i s  good. 

5. A r e l a t i v e l y  s i q l e  receiving antenna i s  adequate. 

Disadvantapes include t h e  following: 

1. With t h e  transponder method, the technique i s  sub jec t  t o  
s a t u r a t i o n  and mul t ip l e  response problems, un le s s  cooperat ing 
ground s t a t i o n s  a re  used. 

2. The technique has  r e l a t i v e l y  poor spectrum economy. 

3.  An accura t e  t i m e  standard i s  required.  

Range ra te .  The range ra te  technique involves  measurements of 
t h e  r a t e  of change of d i s t a n c e  (range) between t h e  observer and t h e  s a t e l l i t e  
d u r i n g  a pass.  This might be  accomplished d i r e c t l y  by any method of  measuring 
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range, o r  i n d i r e c t l y  by  u t i l i z i n g  t h e  Doppler e f f e c t  r e s u l t i n g  from t h e  
motion o f  t h e  s a t e l l i t e  r e l a t i v e  t o  t h e  observer .  For maximum accuracy 
measurements should be  continued throughout an e n t i r e  pass  of t he  s a t e l l i t e .  
With some reduct ion i n  accuracy, p o s i t i o n  n i g h t  be  e s t a b l i s h e d  by a re la-  
t i v e l y  small number of p o i n t s  of  the curve of received frequency ve r sus  t i m e .  
A computation of some complexity would be needed f o r  any method of using 
t h e  range r a t e  technique. With four  s a t e l l i t e s  i n  c i r c u l a r ,  p o l a r  o r b i t s  
a t  a height  of about 600 miles ,  a f i x  should usua l ly  be a v a i l a b l e  a t  approxi- 
mately 110-minute i n t e r v a l s ;  of tener  i n  high l a t i t u d e s .  However, passes  
nea r  the z e n i t h  and a t  low a l t i t u d e s  would provide some p o s i t i o n a l  informa- 
t i o n  but no t  s a t i s f a c t o r y  f i x e s .  

E r ro r s  would be introduced by u n c e r t a i n t i e s  i n  s a t e l l i t e  posltiorz, 
frequency standard e r r o r s  ( i n  t h e  Doppler o r  phase comparison method), propa- 
ga t ion  e f f e c t s ,  and uncompensated motions of t he  r ece iv ing  antenna. Secause 
of t he  low o r b i t  required f o r  high accuracy with t h i s  techniqae,  a new o r b i t  
determinat ion would be required once o r  twice d a i l y .  The o r b i t a l  parameters 
might be t r ansmi t t ed  from ground s t a t i o n s  t o  t h e  s a t e l l i t e s ,  which would 
s t o r e  the information and t r ansmi t  new o r b i t a l  parameters a t  frequenr i n t e r v a l s .  
Refract ion e r r o r s  could be  minimized by t h e  use  of two frequencies ,  p r e f e r a b l y  
harmonically r e l a t e d ,  thus inc reas ing  t h e  accuracy of t h e  p o s i t i o n a l  f i x i n g .  

Advantages of t h e  range ra te  technique include t h e  following: 

1. The technique i s  capable  of providing al l -weather  g l o b a l  cmerage .  

2 .  Reduced-accuracy single-frequency u s e r  equipment could probably 
be  produced a t  moderate c o s t .  

3 .  A simple omnidirect ional  r ece iv ing  antenna i s  adequate.  

Disadvantages include t h e  following: 

1. The r e l a t i v e l y  low o r b i t s  r equ i r ed  wi th  t h i s  technique produce 
problems i n  o r b i t  p r e d i c t i o n ,  ground coverage, ground support  
systems, and disseminat ion of s a t e l l i t e  p o s i t i o n a l  information. 

2 .  The technique i s  gene ra l ly  un fami l i a r  t o  nav iga to r s .  

3 .  E i t h e r  an accu ra t e  t i m e  s tandard o r  a c c u r a t e  knowledge of t h e  
s a t e l l i t e ' s  p o s i t i o n  a t  t h e  t i m e  of obse rva t ion  i s  required.  

Orbi ts .  Orb i t s  n e a r  t h e  e a r t h  provide r e l a t i v e l y  small coverage 
area a t  any one t i m e ,  but  t h e  r e l a t i v e l y  h igh  speed of t h e  s a t e l l i t e s  i n  these  
o r b i t s  increases  t h e  dynamic coverage. A s  t h e  he igh t  i nc reases ,  t h e  i n s t a n -  
taneous coverage inc reases  bu t  a t  a dec reas ing  rate.  
s a t e l l i t e  decreases.  
hour p e r  s a t e l l i t e  i s  approximately as fo l lows  (neg lec t ing  t h e  ro t a t io r .  of 
t h e  e a r t h ) :  

The speed of t h e  
The percentage of t h e  e a r t h ' s  s u r f a c e  i l luminated p e r  
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H t .  i n  m i l e s  

500 
1,000 
3,000 
5,000 

10,000 

Ea r th  coverage 
i n  .% Per,,, .hour 

33 
4 1 
47 
46 
45 

. I  l h e  m r  ;s=.erpe i s  samewhat less, t h e  amount depending upon t h e  

technique used. 

The height  of t h e  o r b i t  also a f f e c t s  t h e  interval  a t  which o r b i t a l  d a t a  
nust be updated. 
probably semi-annual, o r  annual;  a t  range he igh t  i t  is  p e r  week; and a t  range- 
rate i t  i s  once o r  twice per day f o r  high accuracy. 

A t  optimum ang le  measurement he igh t  t h e  i n t e r v a l  i s  

For low o r b i t s ,  t h e  problem of p r e d i c t i n g  f u t u r e  sa te l l i t e  p o s i t i o n s  
i s  severe because o f :  

1. Unpredictable pe r tu rba t jons  due t o  v a r i a b l e  d rag ,  

2 .  Unce r t a in t i e s  i n  t h e  f i g u r e  of t h e  e a r t h .  

3 .  Lack of knowledge of t h e  e f f e c t s  of t h e  e a r t h ' s  g r a v i t y  f i e l d .  

4. Uncertain changes i n  proton d e n s i t y ,  reaching a maximum a t  
1900 miles and a minimun't a t  5,000 miles, a t  unpred ic t ab le  
i n t e r v a l s  following s o l a r  f l a r e s .  

5 ,  Per tu rba t ions  caused by o t h e r  celest ia l  bod ies  of t h e  solar system. 

6. The e f f e c t  of s o l a r  pressure.  

The s o l a r  p re s su re  and drag e f f e c t s  can be  arinimized by making the navi-  
ga t ion  sate'rl5te spherical  and as dense as poss ib l e .  

S t a t i o n a r y  o r b i t s  provide one outs tanding advantage over  a l l  o t h e r s .  
I f  t h e  s a t e l l i t e  can be maintained t r u l y  s t a t i o n a r y  wi th  r e spec t  t o  p o s i t i o n s  
on t h e  e a r t h ,  t h e  l i n e s  of p o s i t i o n  from .my technique usab le  a t  t h i s  height  
would a l s o  be  s t a t i o n a r y  and could be overprinted on c h a r t s ,  a s  i s  commonly 
done wi th  hyperbol ic  and azimuthal systems. 
o r b i t s  i nc lude  t h e  following: 

Disadvantages of s t a t i o n a r y  

1. A l a r g e r  number of s a t e l l i t e s  would be  needed because of l ack  
o f  appqrmt  motion of t he  satel l i tes ,  r e q u i r i n g  two o r  more t o  
b e  v i s i b l e  t o  ob ta in  a f i x .  

2. Coverage would n o t  extend t o  p o l a r  r eg ions ,  

3 .  Any imperfect ion i n  e s t a b l i s h i n g  a t r u l y  stationatry o r b i t  would 
cancel  o u t  t h e  one advantage. 
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4 .  Periodic. I A S F  : ~ f  m a l l  amounts of th r t l s t  t o  cocn te rac t  a 
t endenfy  of : !e s a r e l l i t e  t o  d r i f t  from t h e  sca t iona ry  p o s i t i o n  
would r e q u i r e  the u s e  of f u e l ,  l i m i t i n g  t h e  use fu l  l i f e  of t he  
s a t e l l i t e s .  

The disadylani-aSes appear t o  ouiweigh t h e  one p o s s i b l e  advantage. 

The s e l e c t i o n  of o r b i t  depecds upon t h e  tecknique t o  be csed. "he 

following cons ide ra t ions  apply: 

1. Elevat ion angle .  T h i ;  technique, being a form of c e l e s t i a l  mvi- 
" ? t i o n ,  is a p p l i c a b l e  a t  any s a t e l l i t e  he igh t .  Considerat ions of o r b i t  
s t a b i l i t y ,  ccverage p e r  hour, t i  e needed f o r  change i n  azimuth r'sr I satis-  
f a c t o r y  f i x ,  launch c o s t s ,  and power requirements sucgest 4,000 ? C  6,000 miles 
as a d e s i r a b l e  range, with 5,000 m i l e s  being optimum. C i r c u l a r ,  p o l a r  O r b i t s  
would pro' a; P prove most satisrac o ry  from a ccverage s tandpoint .  

2. Horizontal  angle .  The same coEs ide ra t i cns  apply as with e l e v a -  
t i o n  ang161, with t h e  same conclus-ons.  

3 ,  Range. Being a p i l o t i n g  technique, range measwonlent fr4t-::Bves 
positio:. determinat ion rela::j.ve t o  t h e  s a t e l l i t p s .  A s  the d;srar.ce EO t h e  
s a t e l l i t e  i n - r eases ,  t h e  meqsure-:ent becomes more c r i t i c a l ,  reducing t h e  
effecti.vc a r e a  f o r  accu ra t e  p o s i t i o n  determinat ion e a r t h .  ?he cptimuv 
o r b i t  :or t'.is technique a?pears t o  be  about 800 t o  1200 miles, wLth 1,001 
mcles beyng most s a t i s f a c t o r y .  C i r c u l a r  polai o r b i t s  wonld :-,e d e s i r a b l ~ ,  

(I. Rawe ra te .  Thi? ,  too,  i s  a p i l o f i n g  techtlique with t h e  added 
restrict.:ons t h a t  range ra. e measurement i s  more d i f f i c u l t  -liar: rar-ge 
measuremen' t o  achieve an equ.::alent accuracy. The optimeim o r b i t  is p]rs'-a I ?  
c i r c I * l a r ,  polar  a t  a h e i g , ;  of 500 t o  700 m i l e s  wi th  optimum a t  aboP;: 630 --.i'!es. 

S t a b ' l i z a t i o i i  of t '  e s a : e l l i t e s  would permit u se  of d i r e c t i o n a l ,  iiigy:er 
gain ante.lnas but  might p o t  be needed i f  ac'equate powor were a v a i l a b l e  a 
t h e  s a y e l l i t e s ,  

Frequency. The op,imvm frequency f o r  a p a r t i c u l a r  navigatiozl sa!-e!Pite 
systew depends upon t h e  t e c h i q u e  t o  be  employed. 
providing navigat ion d a t a  fr-r? t h e  s a t e l l i t e  can be  used f o r  t r ack ing .  
Optical  t racking may a l s o  be employed. Telemeter icg may be accormodatea 
wi th in  t h e  same frequency channel used f o r  : r a n s m i t t i n g  n a v i g a t i o x l  d a t a .  
Telecommand would r e q u i r e  a s e p a r a t e  frequency channel. 

The same s i g n a l s  csed f a r  

1. Elevat ion angle .  Medium t o  s l o r t  cent imetr :c  waves are  d e s i r a b l e  
t o  minimize ionospheric r e f r a c t i o r ,  e f f e c t s .  I f  t he  frequezcy 5s  to3  kigl:, 
howevcr, the a t t e c a a t i o n  e f f e c t  i n  t h e  atmosphere r e s u l t s  in bigh p w e r  
reqi.irrments. I f  t h e  r o d i ,  s ex tan t  Is t o  be  used, h t t :  ix: t h e  rbarrow band 
phase loci- mode with s - i e l l i t e s  and i n  t h e  broad band radiometr ic  mode, 
t h ree  frequency s r e a s  produce good r e s u l t s .  
t i v e l y  lo*.' power i s  necied with minor refrac ' iox projlerr,s. 

At approximately 8 f'c, re la-  
'%e r a d i o  i ~ c t e z  
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of t h e  stin i s  v a r i a b l e ,  bu t  p r e d i c t i o n  of t h e  e f f e c t  may be poss ib l e .  
about 35 Gc t h e  r ad io  c e n t e r  i s  s t a b l e ,  bu t  t h e  absorp t ion  dur ing  r a i n f a l l  i s  
severe ,  The t h i r d  frequency area, a t  about 16 Gc, appears  t o  be a good com- 
promise between the  o t h e r  two. 
quency from about 8 Gc t o  20 Gc should produce good r e s u l t s .  

A t  

If t h e  sun is no t  t o  be t racked,  any f r e -  

2. Horizontal  anple .  The frequency i s  not  c r i t i c a l ;  any va lue  
high enough t o  have good d i r e c t i v i t y  with modest s i z e  antennas and low enough 
t o  avoid absorp t ion  problems are s a t i s f a c t o r y ,  wi th  8 Gc t o  20 Gc being 
Considered s u i t a b l e .  

3. Range. The optimum frequency is dependent somewhat upon t h e  
method of determining range. 
c r i t i c a l ,  t h e  approximate reg ion  300 Mc t o  700 Mc probably being s a t i s f a c t o r y .  
I f  phase comparison i s  used, t h e  ambiguity i n  d i s t a n c e  de te rmina t ion  i s  
r e l a t e d  t o  frequency. I f  an ambiguity of 60 mi les  i s  acceptab le ,  t h e  
requi red  frequency i s  2,700 cyc les  per  second. 
frequency superimposed on a c a r r i e r  frequency of any convenient value.  
may be  necessary  t o  use  more than one modulation frequency, a h ighe r  one t o  
provide a f i n e  reading f o r  accuracy and a lower one t o  provide a coarse  
read ing  t o  e l  imina t e amb i g u i  t y . 

For a transponder,  t h e  frequency i s  not  

This  would be  a modulation 
It 

4. Range rate. I f  measurement i s  by any of t h e  range techniques,  
t h e  frequency cons ide ra t ions  a r e  t h e  same as ind ica t ed  above. 
used, two f requencies ,  p re fe rab ly  harmonically r e l a t e d ,  are d e s i r a b l e  t o  
minimize ionospheric  r e f r a c t i o n  e r r o r s .  
i nc lud ing  antenna cons ide ra t ions  and p r a c t i c a l  powers, f requencies  i n  t h e  VHF 
and UHF range up t o  about 1000 Mc a r e  considered s u i t a b l e ,  

I f  Doppler is 

With present  equipment and techniques,  

Telemetering of cond i t ions  i n s i d e  the  s a t e l l i t e  is considered d e s i r a b l e .  

Although a number of techniques have been suggested,  as ind ica ted  above, 
t h e  only  naviga t ion  s a t e l l i t e  system under a c t i v e  development u t i l i z e s  the  
Doppler range- ra te  technique. This  system, known as TRANSIT, i s  scheduled t o  
become ope ra t iona l ,  bu t  probably not  wi th  f u l l  c a p a b i l i t y ,  by t h e  end of 1962. 
The TRANSIT system sss designed t o  meet a m i l i t a r y  requirement e s t ab l i shed  
by t h e  Chief of Naval Operations " to  provide accura te ,  a l l -weather ,  world= 
wide nav iga t ion  f o r  naval  su r f ace  sh ips ,  a i r c r a f t ,  and submarines". It i s  
understood t h a t  t h e  e f f o r t  has  s ince  been r e s t r i c t e d  t o  meeting t h e  needs of  
submarines and a l imi t ed  number of special-purpose nava l  su r f ace  v e s s e l s ,  

The range- ra te  technique used i n  t h e  TRANSIT system is based upon t h e  
t ransmiss ion  by each s a t e l l i t e  of s i g n a l s  on two f requencies .  The second 
frequency permits  reduct ion  of e r r o r s  due t o  ionospheric  r e f r a c t i o n .  The 
curve  of received frequency ve r sus  t i m e  i s  unique f o r  each p o s i t i o n  on the  
s u r f a c e  of t h e  e a r t h ,  if t h e  r o t a t i o n a l  e f f e c t  of t h e  e a r t h  and motion of t h e  
r e c e i v i n g  antennas dur ing  observat ion are considered. Lack of o r b i t  s t a b i l i t y  
a t  t h e  optimum he igh t  of 600 m i l e s  r e q u i r e s  a new o r b i t  determinat ion a t  12- 
hour i n t e r v a l s .  
t i o n  s t a t i o n s "  t o  the  s a t e l l i t e s ,  which w i l l  s t o r e  t h e  information and t ransmi t  

The o r b i t a l  parameters w i l l  be t ransmi t ted  by ground " in jec-  
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new o r b i t a l  parameters at. p r e c i s e  two-minute i n t e r v a l s .  
a pas s  of t h e  s a t e l l i t e ,  a f i x  f o r  t h e  approximate t i m e  of n e a r e s t  approach 
of t h e  s a t e l l i t e  can be  ca l cu la t ed .  An e l e c t r o n i c  computer of some com- 
p l e x i t y  w i l l  probably b e  needed f o r  t h i s  purpose. 
p o l a r  o r b i t s ,  a f i x  should usua l ly  be a v a i l a b l e  a t  approximately 116- 
minute i n t e r v a l s ;  o f t e n e r  i n  high ?al t i tudes.  
and a t  low a l t i t u d e s  w i l l  not  provide s a t i s f a c t o r y  f i x e s .  

A f t e r  completion of 

With f o u r  sa te l l i t es  i n  

However, passes  near  t h e  z e n i t h  

Operational f e a s i b i l i t y  of t h e  'L'RANSIT system has  y e t  t o  be demml- 
s t r a t e d .  
ments. Whether i t  proves s a t i s f a c t o r y  f o r  nonmil i tary use  depends upon 
s a t i s f a c t o r y  answers t o  such ques t ions  as t h e  following: 

It appears  doub t fu l  t h a t  t h e  s y s t e m  w i l l  meet a l l  m i l i t a r y  r equ i r e -  

1. 

2 .  

3 .  

4 .  

5 .  

6. 

7, 

F r i l l  t h e  o p e r a t i o n a l  accuracy of t he  system meet somewhat 
d i v e r s e  nonmil i tary requirements with equipment tha t  can be  
made a v a i l a b l e  a t  a c o s t  t h a t  can be j u s t i f i e d  economically? 

W i l l  t h e  l a g  between n e a r e s t  approach of t h e  s a t e l l i t e  and 
determinat ion of t h e  f i x  be  accep tab le  t o  t h e  nonmil i tary eser? 

W i l l  t h e  f a c t  t h a t  t h e  technique i s  gene ra l ly  un fami l i a r  te 
nav iga to r s  adversely a f f e c t  acceptance of t h e  system by non- 
m i l i t a r y  use r s?  

W i l l  t h e  u s e r  equipment be  s u f f i c i e n t l y  r e l i a t l e  and of s.iffi- 
c i e n t l y  simple operatioil  t o  meet t h e  requiremerlts of merchant 
s h i p s  and a i r c r a f t  ope ra t ing  with a minimum of personnel? 

Can s u i t a b l e  a i rbo rne  equipment be  developed t o  Frovide accept-  
a b l e  accuracy wi th in  s i z e ,  weight,  c o s t ,  arid power l i m i t a t i o n s ?  

Can t h e  i n t e r v a l  between f i x e s  be  reduced s u f f i c i e n t l y  t o  5e 
acceptable  i n  a i r  navigat ion? 

Can t h e  m i l i t a r y  convince t h e  p o t e n t i a l  nonmil i tary u s e r  t h a t  
t he  t echn ica l  c h a r a c t e r i s t i c s  and t h e  ava i l ab i1 i t . y  of t h e  
system w i l l  be  s u f f i c i e n t l y  s t a b l e  t o  prevent t h e i r  equipmerit 
from becoming o b s o l e t e  w i t h i n  a reasonable  a m o r t i z a t i m  period? 

Because answers t o  these  ques t ions  are  no t  y e t  a v a i l a b l e ,  because 
m i l i t a r y  requirements d i f f e r  i n  several important r e s p e c t s  from nonmil i tary 
requirements, and because s i g n i f i c a n t  s t a t e - o f - t h e - a r t  advances have taken 
p l ace  s ince  development of t h e  TRANSIT system began i n  P958, any program t o  
meet t h e  needs of nonmil i tary u s e r s ,  as w e l l  as  those  of m i l i t a r y  reqaArements 
which may not be m e t  by t h e  TPANSIT system, should l o g i c a l l y  inc lude  a 
c a r e f u l  considerat ion of o t h e r  promising techniques.  

Any such program would appear t o  inc lude  t h e  fol lowing s t e p s ,  a 
dec i s ion  being made a t  t h e  end of each s t e p  a f t e r  t h e  t h i r d ,  t o  determine 
d e s i r a b i l i t y  of cont inuing on with succeeding s t e p s :  
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1. 

2. 

3 .  

4. 

5 .  

6. 

7. 

8. 

9 .  

E s t a b l i s h  f i r m  sets of requirements and d e s i r a b l e  a d d i t i o n a l  
f e a t u r e s  f o r  each c l a s s  of u se r s .  

Determine t o  what e x t e n t  requirements are o r  can b e  m e t  by 
means of e x i s t i n g  o r  contemplated systems. 

Study t h e  p r o b a b i l i t y  of  meeting remaining requirements  by 
means of s a t e l l i t e s .  

I n v i t e  proposa ls  from indus t ry  f o r  meeting requireiuects. 

Conduct des ign  s t u d i e s  of t h e  most promising approaches. 

Se lec t  t h e  approach t o  be pursued. 

Develop an ope ra t iona l  system. 

S e t  up an ope ra t ing  organiza t ion .  

Continue t o  monitor changing requirements and s ta te -of - the-  
a r t  advances t o  improve o r  eventua l ly  r e p l a c e  t h e  system. 

Lirnited m i l i t a r y  naviga t ion  c a p a b i l i t y  by means of a r t i f i c i a l  e a r t h  
s a t e l l i t e s  i s  promised f o r  t he  near  fu tu re .  
be needed be fo re  naviga t ion  by satel l i te  becomes genera l .  
of t h i s  occur r ing  a t  some t i m e  i n  t he  f u t u r e  appears  reasonably good. 

A cons iderable  e f f o r t  appears  t o  
The p r o b a b i l i t y  
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